We report on the fabrication of a microelectromechanical systems (MEMS) based bi-material terahertz (THz) detector integrated with a metamaterial structure to provide high absorption at 3.8 THz. The absorbing element of the sensor was designed with a resonant frequency that matches the quantum cascade laser illumination source, while simultaneously providing structural support, desired thermomechanical properties and optical read-out access. It consists of a periodic array of aluminum squares separated from a homogeneous aluminum (Al) ground plane by a silicon-rich silicon oxide (SiO x ) layer. The absorbing element is connected to two Al/SiO x microcantilevers (legs), anchored to a silicon substrate, which acts as a heat sink, allowing the sensor to return to its unperturbed position when excitation is terminated. The metamaterial structure absorbs the incident THz radiation and transfers the heat to the legs where the significant difference between thermal expansion coefficients of Al and SiO x causes the structure to deform proportionally to the absorbed power. The amount of deformation is probed optically by measuring the displacement of a laser beam reflected on the Al ground plane of the metamaterial absorber. Measurement showed that the fabricated absorber has nearly 95% absorption at 3.8 THz. The responsivity and time constant were found to be 1.2 deg/μW and 0.3 s, respectively. The minimum detectable incident power including the readout noise is around 9 nW. The obtained high sensitivity and design flexibility indicate that sensor can be further tuned to achieve the required parameters for real time THz imaging applications.
INTRODUCTION
Microelectromechanical systems (MEMS) based bi-material sensors have been greatly reported in the past decades in IR detection schemes [1] [2] [3] [4] [5] [6] [7] . A bi-material detector consists of a sensing element responsible for converting incoming radiation to heat, which is then transmitted to the host substrate via by bi-material beams and a low thermal conducting support structure. The bi-material beams, typically comprised of a dielectric and a metallic layers with highly mismatched thermal expansion coefficients, undergo bimetallic deformation 8 due to the temperature rise upon absorption of incident radiation. In the IR range, MEMS fabrication friendly materials, such as SiN x , SiO 2 , Au and Al are used in the sensing, structural and bi-material sections of the sensor, respectively. The deformation can be probed using different approaches such as piezoresistive 9 , capacitive 10, 11 and optical means 12, 13 . The latter requires a reflective surface, normally embedded into the absorber, and has the advantage of avoiding the complex on-chip integrated microelectronics, necessary for the former techniques. Additional difficulties exist in the THz range. The low photon energy demands very sensitive detectors and, in most of the cases, external illumination is needed for imaging [14] [15] [16] [17] . The lack of fabrication-friendly natural materials exhibiting high THz absorption makes the metamaterials very attractive. Several groups have reported results on metamaterial structures operating in THz spectral band using a wide variety of configurations, including splitring resonators and periodic arrays of metallic rings and squares [18] [19] [20] [21] [22] [23] . Our group has recently demonstrated a configuration comprised of a periodic array of Al squares and an Al ground plane separated by ultrathin SiO 2 and SiO x films 22, 23 . The structures are around 50 times thinner than the detection wavelength band and exhibit absorption near 100%. Furthermore, the ability to integrate such metamaterial films into bi-material sensors was also demonstrated and our preliminary results 24 showed that this combined configuration has great potential in THz sensing and imaging. In this paper, we report the design, fabrication, and characterization of highly sensitive micromechanical bi-material THz detectors based on metamaterial structures. 
DESIGN
For imaging applications, the most important sensor characteristics are high responsiviy (dθ/dP), fast speed of operation and low noise. In thermal detectors, sensitivity and speed are controlled by heat capacitance (C) and thermal conductance (G) of the sensor in addition to the efficiency of absorption of incident radiation. Detectors are typically designed to have thermal conductance close to that of via radiation losses. Heat loss due to convection is dependent on the pressure of the surrounding gas 5 and can be minimized by operating the detectors at a relatively low pressure. The responsivity of a bi-material sensor can be defined as angular deflection per unit incident power (dθ/dP), which is given by 25 :
where, dθ/dT is the angular deflection due to temperature change, η represents the fraction of incident power absorbed by the sensor, and τ (= C/G) is the thermal time constant and ω is the modulation frequency of the incident radiation.
The dθ/dT depends on the bi-material effect and η is directly related to metamaterial absorption, however, high speed (low τ) requires a large G that in turn reduces responsivity. In fact, all parameters are intrinsically interdependent making the optimization of the final sensor highly dependent on the intended application. Our detectors consist of an array of square metamaterial sensing elements in the central section, connected to two symmetrically located rectangular bi-material legs, which are attached to the substrate by double-fold thermal insulator anchors as shown in Fig. 1(a) , 3D view, and Fig. 1(b) , top view. The incoming THz radiation is absorbed and converted into heat that is transmitted by conduction to the bi-material legs, which undergo deformation due to the elevated temperature caused by the temperature difference between the sensor and the substrate. The linear displacement (Δz leg ) of the free tip of a bi-material beam, as depicted in Fig. 2(a) , was first quantified by Timoshenko 8 and further explored by other groups 7, 26 . If the linear displacement is much smaller than the length of the bi-material beam and the central absorber is directly attached to the legs ( Fig. 1(a) ), the angular deflection due to temperature change (dθ/dT) or thermomechanical sensitivity can be estimated using:
where l b represents the total length of the bi-material beam, t represents thickness, α is the thermal expansion coefficient and E is the Young's modulus. The indices 1 and 2 are used to represent materials 1 and 2, respectively. shows the calculated angular deformation using Eq. 2 for the structure depicted in Fig. 2 (a) where Al and SiO 2 are the metallic and dielectric layers respectively and whose properties are listed in Table 1 . There, the length of the bi-material leg is fixed to 300 μm, SiO 2 thickness is kept constant at 0.8, 1.1 and 1.4 μm and the metal thickness is varied from 50 to 600 nm. It can be observed that the maximum deformation occurs when the Al layer is around one half of thickness of the SiO 2 layer. It was found that silicon-rich silicon oxide (SiO x ) could be obtained with nearly the same properties of SiO 2 while exhibiting much lower stress levels [24] . Therefore, 1.1μm thick SiO x and 170 nm thick Al (in the bi-material legs) were selected to accommodate structural needs, reduced residual stress after fabrication and high metamaterial absorption. The metamaterial film has to be thin enough to provide low thermal capacitance (to not degrade the thermal time constant), while providing structural strength, low stress, and a flat reflective surface for the optical readout. The metamaterial absorber was designed using a periodic array of Al square elements separated from an Al ground plane by a SiO x layer, as schematically illustrated in Fig. 3(a) . Such combination allows matching the free space impedance in specific THz frequencies, eliminating the reflection, while the ground plane prevents transmission, resulting in nearly 100 % absorption. The relatively complex structure of metamaterials makes numerical simulations, generally, the preferred modeling method. The design of the metamaterial structures was performed by finite element (FE) modeling using COMSOL multiphysics software. The periodic nature of the metamaterial structures allows the simulation to be performed in a unit cell with the appropriate boundary conditions. A normal incident plane wave of THz radiation with a given intensity is generated in an active port and penetrates the metamaterial unit cell where perfect electric conductors (PEC) and perfect magnetic conductors (PMC) are used as periodic boundary conditions. cell income radiation flux is set to 1W, η can be directly obtained by: A=1-|S 11 | 2 . Figure 3(c) shows the simulated absorption for metamaterial structures with Al square sizes of 18, 17 and 16 μm and thicknesses of 100 nm and 1.1 μm for Al and SiO x layers respectively. Since the THz illumination source available to us is a 3.8 THz quantum cascade laser (QCL), the square size of 18 μm was selected to assure a close match between detector and source. The deformation of the full sensor (depicted in Fig. 1 ) with increasing temperature was analyzed using the COMSOL Heat Transfer module, which allows a uniformly distributed heat flux boundary to be placed at the absorber to emulate the incoming THz power. The anchor attachments to the substrate are fixed and set at constant temperature to represent the heat sink. All other boundaries are thermally isolated from the surroundings and free to move. The program computes the heat transfer equation at each mesh point allowing the retrieval of several parameters, such as temperature distribution, thermal deformation, etc. For steady state simulations the total incoming heat flux was conveniently set as 1 μW, therefore the thermal deformation and temperature distribution can be directly read "per μW". The angular deformation is obtained from the displacement of the free edges of absorber and hence dθ/dT is estimated using the temperature difference between the absorber and heat sink. In addition, the responsivity (dθ/dP) of the sensors is obtained using the maximum deformation (steady state) due to the applied heat flux (1 μW). Time domain simulations were performed to obtain the transient response of the sensor to a pulsed stimulus allowing the retrieval of the time constant of the sensors. Figure 4(a) shows the deformation plots obtained by FE simulation, where the z-axis is scaled up 10 times for visual purposes. Note that the bi-material section of the legs has nearly a constant temperature due to high thermal conductivity of Al. The surface color scale indicates the temperature distribution. Figure 4(b) shows the time domain simulations (angular deflection) where the sensors are submitted to a step excitation (black solid line) of 1 μW for duration of 8 seconds. The sensor parameters obtained by simulation are listed in Table 3 along with the measured parameters (see next section). 
FABRICATION AND CHARACTERIZATION
The sensor was fabricated using standard micromachining technology. First, a 100 nm thick aluminum (Al) film was deposited on a 300 μm thick silicon (Si) substrate by e-beam evaporation. Then, the Al layer was patterned and wet etched to form the absorber ground plane. Next, a 1.1 μm thick SiO x layer was deposited using plasma enhanced chemical vapor deposition (PECVD) at 300 o C, followed by another 100 nm thick Al film. The second Al layer was then patterned and plasma etched to define the absorber metamaterial squares. Then a 170 nm thick Al layer was deposited, patterned and lifted off to form the bi-material legs. The sensor structure was then created by reactive ion etching of the SiO x layer. Finally, the structures were released through backside trenching using the Bosch etch process. During the fabrication process several test layers (Al and SiO x ) were deposited to allow residual stress assessment and the results are shown in Table 2 . Using the measured average residual stress, the simulated angular deflection of the sensor was found to be about 6 degrees. Figure 5 (a) and (b) show the simulated deformation and measured profile (using an optical profiler) of a fabricated sensor, respectively due to residual stress. The measured deflection due to residual stress was 7 degrees, which agrees well with the COMSOL simulations. Figure 5 (c) shows an optical micrograph of the fabricated sensor. In addition to the sensor, the wafer contains a 10x10 mm 2 area filled with the same metamaterial structure used in the sensor to allow absorption measurements. Reflectance measurements were performed using a Thermo-Nicolet Nexus 870 Fourier Transform Infrared Spectrometer (FTIR) with a globar source fitted with a PIKE Technologies MappIR accessory. An aluminum-coated section of the wafer was used to establish the background for the reflectance measurements. Absorptance was then obtained by 1-R, and is shown in Fig. 6(a) . Notice that the good match between the QCL source emission and the peak absorption of the metamaterial absorber incorporated in the sensor. The thermal response of the sensor (dθ/dT) was measured by attaching the substrate to a flat resistive heating element and sweeping the temperature from 303 to 313 K. The reflection of a laser diode beam from the backside of the sensor's ground plane was projected on a screen to determine the angular deflection of the sensor. Next, the sensor was placed in a vacuum chamber and operated at a pressure of approximately 0.03 mTorr. The beam from a 3.8 THz QCL, was directed toward the sensor and its deflection was measured using the same procedure described earlier for a range of QCL output power. The absolute power that reaches the sensors is estimated substituting the angular deflection, the calculated thermal conductance and measured absorptance in Eq. 1. Figure 7 
100 measured angular deflection of the detector as a function of incident power. A position-sensing detector was added to the setup to allow the measurement of the minimum detectable incident power or noise equivalent power (NEP) and time domain measurements. The inset in Fig. 7(a) shows PSD output translated in incident power when the QCL is gated at 200 mHz. It is worth to notice that those measurements included the contribution of the readout noise and QCL fluctuations which is significantly grater than the intrinsic noise of the sensor 24 . The measurement of the minimum detectable power (due to noise from sensor and readout system) was approximately 9 nW, which translates into minimum detectable temperature of about 50 mK and it is similar to that of bi-material sensors operating in the IR range 7, 25 . The time constant of the sensor was determined by sweeping the QCL gating frequency from 50 mHz to 30 Hz and recording the PSD peak to peak voltage. The normalized frequency response is shown in Fig. 7(b) . The time constant was retrieved from Fig. 7(b) by taking the inverse of the 3 dB frequency and included in Table 3 (check). The inset of Fig. 7(b) shows the sensor response in the time domain when the QCL source is modulated at 1 Hz. In general, the measured parameters agree well with the FE estimations. The sensor is apparently slow for real time imaging, however, since high sensitivity was achieved, pixel size can be reduced to increase the speed of operation. A tradeoff between speed and sensitivity has to be made according to specific applications.
CONCLUSION
In summary, we have demonstrated a metamaterial-based bi-material MEMS sensor operating in the THz range. Sensor materials and configurations were chosen in order to maximize responsivity. The favorable combination of thermal, mechanical and optical properties of the MEMS fabrication-friendly materials SiO x and Al were advantageous for structural, bi-material and metamaterial effects. Finite element models were used to predict the performance of the sensors. A highly efficient metamaterial structure was developed to provide near 100% absorption at 3.8 THz, while simultaneously serving as a structural layer and providing access for external optical readout. The fabricated sensor exhibits responsivity of 1.2 deg/μW and time constant of 300 ms. Minimum detectable power on the order of 9 nW was observed, demonstrating that the sensors can operate with low-power THz sources. Although the sensors were not optimized for imaging, they can be further optimized for use in focal plane arrays for real time THz imaging.
